Background: Recent studies have suggested a possible association between heparin treatment at the time of cellfree DNA (cfDNA) testing and a non-reportable result. However, these studies lack of proper methodology and had a low level of proof to firmly incriminate heparin. Our objective was to investigate further the relationship between heparin treatment and cfDNA test results.
Background
Since Lo et al. first demonstrated the presence of fetal DNA sequences in maternal plasma and serum [1] , many improvements have been made to clinical application of this tool. Cell-free DNA (cfDNA) screening for aneuploidy is now widely used in most Western countries and its wide-ranging utility keeps increasing over the years. Many studies show that cfDNA screening has a higher detection rate (> 99%) and a lower false-negative rate (< 1%) than any other screening approach available so far [2] [3] [4] .
Discrepancies are reported regarding the rate of cfDNA non-reportable results in cfDNA, probably because in many cases it is not clear whether the authors are reporting failure for a single sample or after a second sample analysis [5, 6] . The latest review by Gil et al. shows that clinicians experience test failure in up to 4% of cases [7] .
The most common reason for non-reportable results is a fetal fraction below 4%, which is the usual cut-off for decision making [8] [9] [10] . Such results delay both decisionmaking and invasive procedures. Parameters affecting fetal fraction include maternal and fetal characteristics such as ethnicity, body mass index, smoking, modes of conception, as well as fetal chromosomal anomalies [11] [12] [13] . Recent reports of low fetal fractions in patients treated with low-molecular-weight heparin (LMWH) raised the question of the impact of treatment on test results [14] [15] [16] . However, with few patients included and no proper design, those studies could neither confirm nor reject this hypothesis.
Based on reports that in vitro heparin has no effect on cfDNA analysis [17, 18] , we hypothesized that heparin could not be held responsible for cfDNA test failure and that there were confounding factors that might be involved in the aforementioned cases of reported failures. We used two complementary approaches to investigate further the relationship between heparin treatment and cfDNA results.
Methods

Cohort analysis
From November 2013 to March 2016, 9867 patients carrying a singleton pregnancy underwent cfDNA screening in regular clinical practice. The indications for testing were those currently accepted in the French national recommendations [19] i.e. mainly maternal age 38 or older at delivery, prior pregnancy with trisomy, positive test result (risk > 1/250) for aneuploidy with maternal serum screening, including first-trimester combined screening or parental balanced Robertsonian translocation with increased risk of fetal trisomy 13 or trisomy 21. In some cases, cfDNA screening was performed for patients with ultrasound findings, as accepted by the American College of Obstetrics and Gynecology [20] and by the Society for Maternal-Fetal Medicine [21] and as a first-line screening test. Some of those patients were patients from the DEPOSA study as this study was prospective and interventional and results were given to the patients and used for clinical management [3] .
Patients with a non-reportable cfDNA result at first blood sample were included in the study. Their characteristics were retrieved from their charts and phone call interviews were used to collect pregnancy outcomes. Their characteristics were compared with those of patients from the control group. This group was constituted with patients included in the DEPOSA study [3] . For this latter group, complete information regarding medical condition prior to and during pregnancy and with pregnancy follow-up was available.
Patients with multiple pregnancies were excluded, as were those with incomplete data or missing information regarding treatment received and/or medical condition prior to pregnancy. Heparin doses in patients treated could be either prophylactic or curative.
In line with French regulations regarding prenatal diagnosis, written informed consent was obtained from all patients as the result was used for clinical management. Laboratoire CERBA is authorized by the Regional Health Agency to perform these screening tests. Regarding patients who participated in the DEPOSA study, our local institutional review board approved this study (CPP No. 14-054) (ClinicalTrials.gov number, NCT02424474).
Cell-free fetal DNA analysis in maternal plasma
Analysis was performed by massive parallel sequencing (MPS) by using a whole-genome approach as described elsewhere with slight modifications [22] . Maternal blood was collected in two cfDNA BCT Streck ® tubes (10 mL each) and sent at + 4 °C to the clinical lab where plasma was isolated within 4 days after collection by a double centrifugation procedure and stored frozen at ≤ − 70 °C if not processed immediately. Total DNA was extracted from 4 mL of plasma with the QIAamp DSP Circulating Nucleic Acid Kit (Qiagen, Courtaboeuf, France). DNA library preparations were sequenced in an Illumina V3 flow cell on a HiSeq1500 instrument with the Truseq SBS kit V3-HS reagent (Illumina, Paris, France) for 27 cycles followed by 7 or 8 cycles to read each sample index. Finally, sequence reads were mapped to the UCSC hg19 version of the human genome using Bowtie version 2, Z-scores were calculated for the targeted chromosomes 13, 18 and 21 as described and classification was based upon a standard normal transformed cutoff value of z = 3 for chromosome 21 and z = 3.95 for chromosomes 18 and 13. As part of the assay, the fetal fraction was estimated using the sequence read approach (SeqFF) described by Kim et al. [23] . This "non-fetal-specific" method is based on a multivariate regression model and on subtle fragment length differences and the inferred non-uniformity of fetal cfDNA across the genome.
Results are expressed as "positive" or "negative" when the metric criteria are fulfilled (library concentration 7.5 nM or greater, total count of reads ≥ 9 million and the estimated fetal DNA fraction ≥ 4%). Results were expressed as non-reportable when the estimated fetal DNA fraction was less than 4% or when Z-scores were positive for more than one chromosome.
In vitro testing for heparin impact on cfDNA assay
To mimic samples collected in patients treated with heparin, a pool of 100 plasma samples (NPP) previously tested as negative for cfDNA screening was processed with escalating doses of either enoxaparin or tinzaparin. These LMWH molecules were chosen as the most frequently used in France. LMWH doses were calculated to reproduce clinical situations i.e. a low dose for patients with prophylactic treatment, a medium dose as curative dose and a high dose for overdose situations, so 0.6, 1, 2 and 2.4 IU/mL for enoxaparin and 0.43, 0.87 and 1.74 IU/ mL for tinzaparin. These mimic samples were then treated in the same manner as for sample patients in our routine process (88 samples per flow cell experiment).
Results were compared to the same NPP tested in quadruplicate during the same experimental run. Experiments were performed twice.
Statistical analysis
All statistical analysis was performed by a statistician (JJ) that was completely independent of the data collection.
Statistical analysis was based on Student's t test for continuous variables and the χ 2 test or Fisher's exact test for categorical variables. Univariable logistic regression analysis was used to investigate the effect on test failure rate of patients treated with LMWH (yes, no), patients with autoimmune disease (yes, no), method of conception (IVF, non-IVF), high risk for Down syndrome of maternal serum screening (yes, no), as categorical variables and maternal age (years), gestational age at test (in weeks), maternal weight (in kg) as continuous numerical variables. Auto-immune diseases included systemic lupus erythematosus (SLE), antiphospholipid syndrome (APL) and Hashimoto's thyroiditis. The parameters we chose to include in the model were those usually reported to be associated with a non-reportable test result in the literature. Multiple logistic regression analysis was subsequently performed to determine the significant independent contribution of those variables yielding a p < 0.05 in the univariate analysis.
Data were analyzed using the statistical software SPSS, version 24.0 (Chicago, Illinois, USA), and Excel, version 9.0 (Microsoft, Redmond, Washington, USA). A twosided p-value of less than 0.05 was considered statistically significant.
Results
Cohort analysis
Between January 2013 and December 2016, 58 (0.59%) patients had cfDNA test failure at first blood sample and were included (Fig. 1) along with 295 control patients.
Patients with no test results were significantly older, had higher BMI and were more often nulliparous (p < 0.001) ( Table 1 ). Seven patients (12.1%) in the group of patients with a non-reportable cfDNA result had an autoimmune disorder prior to the pregnancy, compared with only 5 (1.7%) patients with a successful assay. Fifteen patients (25.9%) were treated with heparin at the time of cfDNA screening with a non-reportable cfDNA result and 20 patients (6.8%) with a successful assay. The causes of a non-reportable result at the first sample were as follows: low fetal fraction (32 patients, 55.2%) and atypical z-scores (26 patients, 44.8%). Forty-eight patients had a second test where the results showed a second non-reportable result in 11 patients (22.9%). The main outcomes of the pregnancies are presented in Table 2 . Patients had pre-eclampsia and intrauterine growth retardation (< 0.001) significantly more often than their counterparts with successful cfDNA testing.
Univariable logistic regression analysis demonstrated that significant predictors of non-reportable results were maternal age (p < 0.001), gestational age at cfDNA screening (p < 0.001), maternal weight (p < 0.001), increased risk for Down syndrome after serum screening (p < 0.001), treatment with LMWH (p < 0.001) and auto-immune disorders (p < 0.001). In multivariable analysis, an increased calculated risk at first-trimester combined test screening (OR: 28.8, CI 9.76-85.15, p < 0.001), maternal weight (OR: 1.03, CI 1.01-1.06, p = 0.01) and the presence of an autoimmune disease (OR: 10.38, CI 1.62-66.53, p = 0.01) were the sole characteristics associated with a nonreportable result. The remaining parameters were not independently associated with an increased risk of nonreportable results at first sampling for cfDNA screening (Table 3) .
In vitro testing for heparin impact on cfDNA assay
For every sample tested, there was no significant difference regarding the library prep concentration, the number of reads or fetal fraction measurement with or without addition of LMWH, no matter the molecule used at any concentration. Overall results are summarized in Table 4 . All samples tested had a fetal fraction > 4% 16:335 even after addition of a high dose of LMWH and values observed were similar to those for the equivalent samples not supplemented with LMWH and the mean value observed for the entire flow cell experiment. Furthermore, there was no impact on the calculated Z-score for the three autosomal chromosomes leading to the same final reportable interpretation. Such results were obtained in two distinct experiments.
Discussion
We report here a large cohort of patients undergoing cfDNA testing with a non-reportable result at the first attempt. We chose to evaluate non-reportable results after first sampling because these failures represent one of the most critical clinical management issues. The rate of no-result at first sampling is low (0.59%) as it was in our previous studies [3, 24] . This study is the first to demonstrate the effect of a pre-existing medical condition i.e., an autoimmune disorder, on the rate of non-reportable cfDNA assays. In our cohort, 12 patients had a pre-existing autoimmune disease and most of them required heparin treatment, which is a common feature shared with various studies [14] [15] [16] 25] . Our controlled study shows that heparin cannot be solely held responsible for test failure.
As heparin is often part of treatment of autoimmune diseases, some authors wrongly hold it responsible for such test failure. In the present study, we investigated whether heparin treatment in pregnant women could impact the final result of cfDNA screening for aneuploidy. Studies that have suggested a relationship between heparin and the rate of non-reportable cfDNA results have not considered the underlying conditions for which heparin therapy was indicated, i.e. autoimmune diseases [14] [15] [16] . Grömminger et al. analyzed a set of 5 patients with non-reportable results after a first sample and performed a second cfDNA test just before the next injection of heparin [15] . This was the first study to examine a potential impact of heparin on cfDNA results. They concluded that pregnant women on LMWH had a higher proportion of small DNA fragments featuring an unusually high guanosine-cytosine (GC) content, which could potentially influence the measurements of cfDNA. On the other hand, Burns et al. suggested that LMWH results in low fetal fractions, due to reduced fetal DNA release into the maternal circulation because heparin reduces trophoblast apoptosis [16] . In another recent study, Ma et al. [14] concluded that the use of LMWH reduced the fetal fraction and rendered cfDNA false-negative in their single case report, while the fetus was carrying trisomy 21, even if the rate of aneuploidy is increased among patients with non-reportable results [26] . Our in vitro study cannot rule out this latter hypothesis, but it does show that LMWH itself does not interfere with the analysis. Neither the type nor the dose of heparin used had an impact on fetal fraction measurement and the samples were all successfully analyzed. This is in line with a recent report showing that retrieved cell-free DNA is protected from the pre-analytical impact of blood DNase in EDTA plasma [17] . Similar results have been reported with heparin plasma [18] . While the results of our in vitro experiment are clear, one cannot exclude that a third agent might interfere in vivo on the effect of heparin on placenta, which could be considered as a limitation of our study. As we do not fully understand the origin of cell-free fetal DNA [27] , the factors involved in no-call results in cfDNA testing are incompletely elucidated. Autoimmune disorders like SLE or APL could affect cfDNA results either by distorting cfDNA measurement or by impacting the fetal fraction. Many authors have reported increased levels of serum total DNA in patients with active SLE [28, 29] , which could lead to a low fetal fraction. On the other hand, in pregnant patients with SLE, increased 16:335 syncytiotrophoblast apoptosis secondary to SLE/APL could increase the overall quantity of cfDNA. Such patients usually have impaired kidney function and Hui et al. reported increased fetal fraction in patients following immunosuppressive treatment [25] . In our cohort, 32 patients with non-reportable results had a fetal fraction below 4% and the remaining ones had atypical results with a positive z-score for more than one chromosome. To the best of our knowledge, only one study has compared cfDNA in patients with and without SLE and found that, in the third trimester, these two groups had a similar quantity of fetal DNA [30] . Besides the lack of determinant data regarding fetal fraction, third-trimester data are less relevant to the understanding of the impact of SLE/APL on cfDNA results. Further studies should focus on comparing these two populations in early pregnancy. Patients with SLE show a remarkable expression of anti-DNA antibodies and we hypothesize that this could lead to plasma DNA modifications.
cfDNA screening has been developed and validated in a mostly healthy population, and our study questions its applicability to specific groups. We emphasize here the need for clinicians to exercise care when analyzing cfDNA test results, especially non-reportable results in specific populations. We recognize that our analysis has some limitations. We restricted our inclusions to patients with singleton pregnancies with complete information available for the main clinical and biochemical factors usually associated with increased risk of non-reportable results. Therefore, we only included patients when information on heparin treatment and medical condition at the time of cfDNA testing was available (patients from the DEPOSA study). Furthermore, the amount of first and second line screening is not equal in the non reportable group and in the control group, with more first line tests in the control group, but, at least in our hands, the cfDNA test works equally in both situations [3, 24] We are aware that this might have introduced bias, but our multivariable analysis of the factors involved in test failure is consistent with the literature and so is a strong indicator of the validity of our results. While we demonstrated that heparin could not be held solely responsible for non-reportable results in those patients, we were not able to assess the impact of other treatments on cfDNA testing. It is theoretically possible that other treatment commonly used in patients with auto-immune disorders (such as steroids for example) negatively impacted cfDNA testing as well. Hui et al. reported increased fetal fraction in a patient with a history of severe autoimmune thrombocytopenia following the introduction of an immunosuppressive treatment by steroids [31] . Such reports raise the question of the impact of treatment on cfDNA testing and further studies should focus on understanding this complex relationship.
Conclusion
Our study ruled out the hypothesis that heparin treatment has an impact on cfDNA screening and found that autoimmune diseases are associated with test failure. A limitation of our work lies within its retrospective nature and further studies with larger samples and prospective design should help improve our knowledge of the factors involved in non-reportable test result.
